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Pollination systems in orchids tend to be specialized as a consequence of restrictive floral morphology and specific advertising signals. Here we
document a notable exception: Disa fragrans subsp. fragrans, a taxon from the Drakensberg Mountains of South Africa, which is pollinated by
insects belonging to at least four orders (flies, beetles, bees, and moths). Pollinaria of D. fragrans are attached to the feet of these visitors and
pollination thus occurs in a rather haphazard fashion. Nevertheless, its pollination success and pollen transfer efficiency are comparable to those of
its close relative, Disa sankeyi, which is pollinated by a single genus of wasps. D. fragrans has an exceptionally strong floral scent: volatile
emission is 19–86 μg per inflorescence per hour, which is up to 100 fold greater than in D. sankeyi. The scent bouquet is comprised of at least 46
compounds, mostly benzenoids and phenylpropanoids, which are known to be general attractants to a wide range of insects. In contrast to D.
sankeyi, the flowers of D. fragrans have a high level of spectral purity (chroma) as is typical of many generalist insect-pollinated plants. At a site
where D. fragrans co-occurs with D. sankeyi we found a plant with intermediate characteristics that may be a hybrid between the two taxa. The
novel case of generalist pollination in D. fragrans documented here serves as an example of how floral advertising traits might evolve during an
evolutionary shift from specialized to generalized pollination.
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Flowering plants show an impressive range of variation in their
specificity of pollination systems (Johnson and Steiner, 2000;
Waser et al., 1996). Orchids are generally recognized to occupy
the specialist end of the generalization–specialization continuum
(Tremblay, 1992). Global reviews have revealed that most
orchids studied to date are pollinated by a single functional group
such as euglossine bees or hawkmoths (Tremblay, 1992; Johnson
and Steiner, 2003). Nevertheless, generalized pollination systems
have been reported for a small number of orchid species (cf.
Nilsson, 1981). Comparison of these orchids with their more
specialized relatives could shed light on some outstanding
problems, such as identifying the evolutionary factors that⁎ Corresponding author.
E-mail address: Johnsonsd@ukzn.ac.za (S.D. Johnson).
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doi:10.1016/j.sajb.2010.07.008underlie the generalization–specialization continuum (Waser et
al., 1996), the role of floral traits in restricting visitor assemblages
(Kessler and Baldwin, 2007; Li et al., 2008), and the ecological
consequences of different levels of pollination system specificity
in plants (Ashworth et al., 2004; Richardson, 2000).
Specialization in orchid flowers is often enforced by
specialized floral morphology and advertising signals which
target a limited set of visitors (Nilsson, 1992; Schiestl et al., 1999).
Orchid flowers are typically zygormorphic and gullet-shaped,
such that pollinaria are attached only to animal visitors that handle
the flower in a particular way, and that are of particular size and
proportions (Li et al., 2008; Van der Pijl and Dodson, 1966).
Pollinaria are usually glued via a viscidium to very specific parts
of the animal's body (Harder and Johnson, 2008),which facilitates
subsequent deposition of pollen on stigmas of flowers of the same
species. The supposed advantage of this specialized floral
mechanism is that pollen transfer between orchid flowers is veryts reserved.
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hand, there can be the disadvantage that any disruption to the
specific plant–pollinator interaction may lead to reproductive
failure in the plant (Pauw, 2007).
Generalist pollination may alleviate this problem, in particular
in habitats that are marginal for insect activity. However, only a
very small number of orchid species with a generalist pollination
syndrome have been described to date, even in marginal habitats.
The best-documented example is the terrestrial European orchid
Listera ovata, which is pollinated by at least 50 species belonging
to the Hymenoptera, Coeloptera and Diptera (Nilsson, 1981).
Whilemost of these visitors aremorphologically “almost uniform”
legitimate pollinators, the visitor assemblage includes awide range
of species that make occasional contributions to the pollination of
this orchid, even when not handling the flowers correctly.
Given the extreme degree of pollen packaging in orchids and
their limited ability for pollen dispensing (Harder and Johnson,
2008), the pollen losses and inefficiency of pollination that can
accompany a generalist pollination syndrome may cause
unsustainably high reproductive costs in most orchids.
The large Southern African orchid genus Disa has a median
number of recorded pollinators per species of just one (Johnson
and Steiner, 2003) and therefore exemplifies the trend to
pollination system specialization in orchids. However, our
observations of the nectariferous montane taxon Disa fragrans
subsp. fragrans indicated that it is pollinated by a wide variety of
insects. At some sitesD. fragrans co-occurs with its close relative
D. sankeyi, which has a highly specialized wasp-pollinationFig. 1. Some of the insects observed to pollinate flowers of Disa fragrans. (a) Muscid f
attached to its feet. Scale bar 5 mm. (c) Cetoniine beetle (Atrichelaphinis tigrina) with la
a spur. Scale bar 10 mm. (e) Anthophorid bee with several pollinaria on its feet. Scalesystem (Johnson, 2005). This provided an opportunity to compare
floral traits and patterns of pollination success in a species pair
with contrasting pollination systems. We also investigated a
potential case of hybridization between these two species.
2. Materials and methods
2.1. Study species
D. fragrans Schltr. subsp. fragrans occurs in damp montane
grasslands of eastern South Africa, Zimbabwe, Tanzania,
Mozambique and Kenya at altitudes ranging between 1700 and
3000 m above sea level (Linder, 1981). It often forms extensive
populations with several hundred flowering plants. The specific
epithet refers to its strong sweet scent, however this applies only
to subsp. fragrans, as the tropical subsp. deckenii is reputedly
unscented (Linder, 1981). The dense, cylindrical inflorescences
of D. fragrans subsp. fragrans are 30–300 mm high and display
numerous open flowers simultaneously (Fig. 1; Table 2). The
flowers are small, white to pink or lilac, and often mottled with
darker pink or lilac spots. The erect dorsal sepal narrows into a
short, nectar-filled spur. In contrast to the closely related Disa
sankeyi (Johnson, 2005), the nectar remains in the spur and does
not form an exposed droplet in the spur entrance, thus forcing
pollinators to insert their mouthparts into the spur. The flowers
face outwards and slightly downwards and present both pollinaria
and stigma in a vertical or slightly overhanging position in the
centre of the flower. As inD. sankeyi (Johnson, 2005), the flaps ofly settling on inflorescence. Scale bar 5 mm. (b) Muscid fly with several pollinaria
rge number of pollinaria on its feet. Scale bar 10 mm. (d) Anthophorid bee probing
bar 10 mm. Photos (a) and (b) by Ruth Cozien.
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pollinia. This prevents spontaneous self-pollination with pollinia
that may fall, slide, or crumble onto the stigma, as has been
reported for autogamous Disa species (Johnson, 1994a).
2.2. Study sites
The study was conducted between February 2003 and March
2010 at five sites in the Drakensberg Mountains and the
KwaZulu-Natal Midlands. The population at Naude's Nek in
the southern Drakensberg consisted of several hundred plants
growing at 2500 m on the saddle of Naude's Nek pass (30°43′
52 S; 28°08′15 E). The population at Rama's Gate Pass
(30°3'13.09"S, 28°55'57.50"E, 2143 m) consisted of several
dozen plants. At Witsieshoek (28°41'38.41"S, 28°53'41.60"E)
we studied a small population of about 10–15 plants growing at
c. 2300 m on a steep-sided ridge leading up to the Sentinel Peak.
At Mt Aux Sources (28°45'0.48"S, 28°53'5.18"E), we studied
an extensive population of several thousand individuals in
marshy grassland at c. 3035 m. At Mt Gilboa (29°17'11.33"S,
30°17'35.48"E) we studied a small population of about 25
plants growing in dolerite soil at 1695 m.
The reproductive biology of D. sankeyi has been described
by Johnson (2005). Additional data on levels of pollination
success for populations with 8–30 individuals at Bushmans
Nek, Sehlabathebe and Witsieshoek in the Drakensberg
Mountains are reported here.
2.3. Flower visitors
Observations of flower visitors of D. fragrans were
conducted between February 2003 and February 2010. Diurnal
observations were typically carried out between 0900 h and
1400 h and nocturnal observations between 1900 h and
2100 h. Total hours of observations in the various populations
were as follows: Witsieshoek (8 h, diurnal), Mt Aux Sources
(4 h diurnal, 3 h nocturnal), Rama's Gate (2 h diurnal), and
Naude's Nek (14 h, diurnal).
At each site, we noted insect visits, their behaviour on the
inflorescences, their ability to remove pollinaria, and between-
plant flights. A sample of insect visitors was caught with a hand
net for identification and quantification of pollen loads.
Specimens are deposited in the collection at the University of
KwaZulu-Natal, Pietermaritzburg. Flower visitors of D. sankeyi
were reported by Johnson (2005).
2.4. Floral scent analysis
We sampled scent of flowering plants of both Disa species at
the Witsieshoek and Mt. Gilboa populations by enclosing them
in polyacetate bags and pumping air from these bags through
cartridges containing adsorbent polymer at a realized flow rate
of 50 ml/min. One sample was taken for an hour using a
cartridge filled with 3 mg of Porapak®SQ and a further 13
samples were taken for 30 min each using cartridges filled with
1 mg of tenax® and 1 mg of carbotrap® activated charcoal.The sample taken using a Porapak cartridge was eluted with
c. 30 μl of 9:1 hexane:acetone solvent and analyzed using a DB-
WAX column (J&W Scientific) and the gas chromatograph–
mass spectrometer (GC–MS) instrumentation and temperature
programs described by Kaiser and Tollsten (1995). Samples
taken using tenax:carbotrap cartridges were analyzed using a
Varian CP-3800 GC (Varian, Palo Alto, California) with a
30 m×0.25 mm internal diameter (film thickness 0.25 μm)
Alltech EC-WAX column coupled to a Varian 1200 quadrupole
mass spectrometer in electron-impact ionization mode. Car-
tridges were placed in a Varian 1079 injector equipped with a
“Chromatoprobe” thermal desorption device. Helium at a flow
rate of 1 ml/min was used as the carrier gas. The injector was
held at 40 °C for 2 min with a 20:1 split, increased to 200 °C at
200 °C/min in splitless mode for thermal desorption, held for
10 min. After a 3 min hold at 40 °C, the GC oven was ramped
up to 240 °C at 10 °C/min and held there for 12 min.
Compounds were identified using Varian Workstation software
with the NIST05 mass spectral library and verified, where
possible, using retention times of authentic standards or
comparison of estimated and published Kovats retention
indices. Compounds present at similar abundance in the
controls were considered to be contaminants and excluded
from further analysis. Emission rates were estimated from
known amounts of methyl benzoate that were injected into
cartridges and thermally desorbed under identical conditions to
the samples.
A similarity matrix for the square-root transformed fragrance
data was calculated using the Bray–Curtis method and then
plotted in two-dimensions with non-metric multi-dimensional
scaling (NMDS) using Primer 6.1.6 (Clarke and Gorley, 2006).
2.5. Spectral reflectance of flowers
The spectral reflectance of lateral sepals of D fragrans
flowers from the Mt. Gilboa population and D. sankeyi flowers
from the Witsieshoek population was measured with an Ocean
Optics S2000 spectrophotometer (Ocean Optics, Dunedin,
Florida, USA), coupled to an Ocean Optics Mini-D2T light
source.
2.6. Floral nectar
Flowers of D. fragrans produce extremely small volumes
(b0.5 μl) of nectar, which makes assessment of nectar production
with micro-capillaries and a hand-refractometer difficult and
inaccurate. Instead, 22 plants from the Mt Aux Sources
population were bagged for 24 h, and the accumulated nectar
of one flower per plant was transferred onto filter paper by gently
squeezing the spur. Nectar was collected by the same method
from 7 plants of D. sankeyi at Witsieshoek. Filter paper samples
were air-dried, eluted in 100 μl distilled water, and filtered with a
0.45-micron syringe filter. Filtered samples were analyzed using
a Shimadzu HPLC (LC-20AT) equipped with a differential
refractometric detector (RID10A) and a Phenomenex column
(Rezex RCM-Monosaccharide, (300 mm×7.8 mm, 8 μm pore
size). The elution was isocratic, using ultrapure water as the
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were run with the samples to enable identification and
quantification of these most common nectar sugars.
2.7. Morphology
Measurements of plants and flower parts were taken in
populations of D. fragrans at Naude's Nek and Witsieshoek. At
the latter site we also measured plants of D. sankeyi and a
putative hybrid between this species and D. fragrans. Further
measurements of D. sankeyi were made at Bushman's Nek. We
measured plant height and counted the number of flowers
produced per inflorescence. Length and width of the dorsal
sepal, lateral sepal, petals, lip, and spur were measured with
digital callipers. The angle between the plant stem and a virtual
line drawn from the base of the ovary to the tip of the dorsal
sepal was measured with a protractor. Morphometric data for
these characters were analyzed using NMDS as described above
for scent data.
2.8. Pollination success, pollen transfer efficiency, and fruit set
The proportion of flowers that were pollinated was assessed
by examining one recently wilted flower picked randomly from
D. fragrans plants at Naude's Nek (N=28) and Mt Aux Sources
(N=30) and D. sankeyi plants at Witsieshoek (N=24),
Sehlabathebe (N=22), and Bushman's Nek (N=21).
We recorded both the mean number of pollinaria removed
(mr) and the mean number of massulae deposited on the stigma
(ms) with the help of a stereomicroscope. We also counted the
number of massulae per pollinium (m) from 7 to 10 flowers at
each site by dabbing pollinia onto sticky tape until all massulae
were spread out. Pollen transfer efficiency PTE was estimated
from the equation PTE=ms/(m×mr) (Johnson et al., 2005). We
also calculated the fraction of massulae produced per flower that
reaches stigmas as ms/(2×m) (Harder, 2000).
Fruit set of D. fragrans was assessed in 25 randomly selected
plants at Naude's Nek in early March 2009. Growing fruits are
firm and flower resupination is reversed so that the ridges formed
by the carpel backs are straight. In comparison, unsuccessful
flowers have thin and soft ovaries and resupination is not reversed,
but often increased, so that the ovary is twisted into a tight spiral.
3. Results
3.1. Flower visitors
The flowers of D. fragrans were visited by a wide range of
insects, including flies, bees, beetles, and moths. In the Naude's
Nek population, muscid flies (Orthellia sp., Muscidae) were the
most common visitors (c. 30 individuals observed) and probed the
flowers for nectar by inserting their proboscis in the slit between
the inner petals. After alighting on the inflorescences (Fig. 1a)
they walked around on them in an apparently directionless
manner, thereby picking up several pollinaria on their legs
(Fig. 1b). Clumps of pollinaria were often stripped off the legs
onto non-stigmatic flower parts (Fig. 1b), the basal leaves, or thesurrounding vegetation in short grooming bouts. We observed
three between-plant flights of muscid flies that carried several
pollinaria each, and another six between-plant flights of flies
without pollinaria. Anthophorid bees (Amegilla sp., Anthophora
sp., Apidae) foraged in a more systematic manner, but were
generally rare. They clutched the lateral petals with their legs
while inserting their tongues between the tips of the inner petals to
access the spur, and thereby picked up pollinaria with their legs
(Fig. 1d, e). Bees usually visited several flowers per inflorescence
and foraged on several neighbouring inflorescences before
departing. A single individual of the oil-collecting bee Rediviva
neliana (Melittidae) was caught while foraging for nectar on D.
fragrans at the Witsieshoek site. The large cetoniine beetle
Atrichelaphinis tigrina (Scarabaeidae: Cetoniinae) was a com-
mon visitor at all sites (c. 30 observations), and several individuals
were found to carry numerous pollinaria on their legs (Fig. 1c).
We also collected five unidentified monkey beetles (Scarabaei-
dae: Hopliini) and a settling moth (Noctuidae) at the Mt Aux
sources population, all of which carried pollinaria on their legs.
One settling moth (Noctuidae) was caught in the grass in the
Naude's Nek population with four and five pollinia attached to its
front and hind legs, respectively, and numerous moth scales were
observed on several stigmas of plants collected at Witsieshoek
and Mt. Gilboa. In all observed and caught flower visitors,
pollinaria were always attached to the legs, never to the proboscis.
Overall, pollination was seemingly haphazard as numerous
pollinaria were detached from insect legs onto non-stigmatic
flower surfaces and thereby lost to both deposition and export.
3.2. Floral fragrance
As might be expected from its specific epithet, mean emission
rates (±SD) of volatiles from inflorescences of D. fragrans were
very high (Witsieshoek population: 19.1±7.2 μg/h, Mt. Gilboa
86.6±40.6 μg/h) (Table 1). By contrast, volatile emission rates
for the specialist congener D. sankeyi were only 0.57±0.39 μg/
h (Table 1). The mean number of compounds recorded per
sample ranged from 26 to 34 for populations of D. fragrans and
was 19.3 for D. sankeyi (Table 1).
The scent of D. fragrans is strongly dominated by aromatic
compounds, with a large proportion of these being derivatives of
phenylalanine (Table 1). Compounds that were both abundant
and consistent across samples included benzaldehyde, methyl
benzoate, methyl salicylate, and phenylethyl alcohol.D. fragrans
also emits a number of highly unusual derivatives of caryophyl-
lene that are not found in its close relative D. sankeyi. Other
notable differences between the taxa include 2-phenylacetontrile
and alpha pinene, both of which are abundant in the scent of D.
sankeyi, but absent from that of D. fragrans. These differences
contribute to the distinct separation of clusters ofD. fragrans and
D. sankeyi samples in the two-dimensional representation of the
NMDS analysis (Fig. 3).
3.3. Spectral reflectance of flowers
The white colour of lateral sepals of D. fragrans to the
human eye is due to their consistent reflectance of light at
Table 1
Chemical composition of the floral scent of Disa fragrans and Disa sankeyi. Witsies = Witsieshoek population, Gilboa = Mt. Gilboa population. Compounds are
identified by common names and CAS (Chemical Abstracts Service) registry number, where obtainable, and arranged by the estimated Kovats retention index (KRI)
within each compound class. Values are mean percentages of total peak area (excluding contaminants) followed by the number of samples in which the compound was
identified in parentheses. Values in the last line are volatile emission rates of inflorescences. SOL = solvent elution, TD = thermal desorption. tr = compounds making
up b0.1% of total peak area. Values for the Kovats retention index were calculated from retention times of compounds in thermally desorbed samples.
Compound CAS KRI D. fragrans Witsies
(n=1)
D. fragrans Witsies
(n=6)
D. fragrans Gilboa
(n=7)
D. sankeyi Witsies
(n=3)
SOL TD TD TD
1. BENZENOIDS AND PHENYLPROPANOIDS
Benzaldehyde 100-52-7 1542 5.2 15.2 (6) 41.4 (7) 27.4 (3)
1-Methoxy-4-methylbenzene 104-93-8 1454 0.2 0.2 (6) tr (6) –
Methyl-benzoate 93-58-3 1651 8.5 8.0 (6) 23.5 (7) 4.3 (3)
2-Phenylacetaldehyde 122-78-1 1668 7.6 5.3 (6) 1.7 (7) –
Salicylaldehyde 90-02-8 1703 tr – – –
Benzyl formate 104-57-4 1712 – tr (6) tr (7) –
Benzyl acetate 140-11-4 1747 0.3 0.8 (6) tr (7) 0.5 (3)
Methyl 2-phenylacetate 101-41-7 1783 0.1 0.2 (6) 5.0 (7) –
Methyl salicylate 119-36-8 1792 29.0 9.6 (6) 13.9 (7) 0.4 (3)
2-Phenylethyl acetate 103-45-7 1837 1.3 0.7 (6) tr (7) –
Anethole 4180-23-8 1856 tr – – –
Benzyl alcohol 100-51-6 1903 1.1 4.1 (6) 4.7 (7) 18.4 (3)
Benzyl isovalerate 103-38-8 1922 – tr (6) – –
2-Phenylethyl alcohol 60-12-8 1941 11.5 52.9 (6) 6.7 (7) 10.9 (3)
2-Phenylacetonitrile 140-29-4 1950 – – – 12.3 (3)
Methyleugenol 93-15-2 2028 1.0 0.3 (5) – –
Anisaldehyde 123-11-5 2057 – 0.5 (6) 0.2 (7) –
(E)-Cinnamaldehyde 14371-10-9 2067 – – – 1.6 (3)
3-Phenylpropyl alcohol 122-97-4 2067 – – – 3.3 (3)
Methyl methoxybenzoate 606-45-1 2097 – tr (5) tr (1) –
p-Cresol 106-44-5 2097 – tr (5) tr (7) –
Methyl (E)-cinnamate 1754-62-7 2107 – – tr (2) 0.2 (3)
(Z)-Methylisoeugenol 6380-24-1 2107 – tr (1) – –
Anisyl acetate 1331-83-5 2179 – tr (2) tr (2) –
Eugenol 97-53-0 2189 0.6 tr (6) 0.7 (7) –
(E) - Methylisoeugenol 6379-72-2 2199 3.2 0.7 (6) – –
p-Anisylalcohol 105-13-5 2294 tr tr (6) tr (7) –
2-(p-Methoxyphenyl)ethyl alcohol 702-23-8 2347 – tr (5) – –
(E)-Isoeugenol 5932-68-3 2347 tr – – –
3,4-Dimethoxybenzaldehyde 120-14-9 2402 – tr (1) – –
Benzyl benzoate 120-51-4 2638 tr tr (4) 0.1 (7) –
2-Phenylethyl benzoate 94-47-3 2792 – tr (2) tr (5) –
Benzyl salicylate 118-58-1 2926 – – tr (5) –
2. ALIPHATIC COMPOUNDS
(Z)-Hex-3-en-1-ol 928-96-1 1378 – – – 0.8 (3)
Methyl isovalerate 556-24-1 0.6 – – –
Methyl 2-ethylcaproate – tr – – –
(Z)-Hex-3-en-1-yl acetate 3681-71-8 1333 – – tr (1) 0.5 (3)
Oct-1-en-3-ol 3391-86-4 1462 – – – 0.3 (3)
2-undecanone 112-12-9 1617 0.1 – – –
3. TERPENOIDS
Monoterpenes
α-Pinene 80-56-8 1090 – – – 0.9 (1)
β-Pinene 127-91-3 1154 – – – 13.1 (3)
Limonene 138-86-3 1227 tr – – –
α-Terpineol 98-55-5 1478 – – – 0.4 (1)
Lavandulol 498-16-8 1694 – – tr (4) 0.1 (1)
Sequiterpenes and derivatives
Caryophyllene 87-44-5 1625 20.2 0.5 (6) 0.9 (6) –
Humulene 6753-98-6 1694 0.6 tr (6) tr (2) –
Germacrene B 15423-57-1 1866 0.4 – – –
Caryophyll-2 (12)-en-5-on isom. A. – 1979 1.1 tr (6) tr (5) –
Caryophyll-2 (12)-en-5-on isom. B. – 1998 0.5 tr (2) tr (5) –
Caryophyllene epoxide – 2018 1.5 tr (6) tr (6) –
Caryophylla-2(12), 6(13)-dien-5-α-ol – 2315 0.3 tr (6) tr (6) –
(continued on next page)
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Table 1 (continued)
Compound CAS KRI D. fragrans Witsies
(n=1)
D. fragrans Witsies
(n=6)
D. fragrans Gilboa
(n=7)
D. sankeyi Witsies
(n=3)
4. MISCELLANEOUS
Nitrogen-containing compounds
3-Methylbutanal oxime 626-90-4 1510 – – – 0.8 (3)
Propanenitrile, 3-(methylthio)- 54974-63-9 1747 – – – 0.2 (2)
Benzyl isonitrile 10340-91-7 1960 – 0.2 (6) tr (6) –
Methyl anthranilate 5391-70-8 2273 – tr (4) tr (7) –
Indole 120-72-9 2457 tr 0.2 (6) 0.5 (7) 0.2 (3)
Unknowns
m/z: 132*,103,78,77,51,104,50 1922 tr – – 1.8 (3)
m/z: 131,103,162,77,161,51,57 1979 – – tr (4) 1.8 (3)
Number of compounds recorded 34 29±2 26.4±2.8 19.3±1.1
Emission rate (μg/inflorescence/hr) n/a 19.1±7.2 86.6±40.6 0.57±0.39
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sharply at 400 nm and almost all ultraviolet light is absorbed
(Fig. 4). The dirty pale yellow colour of the sepals of D. sankeyi
is imparted by the gradual increase in reflectance between 300
and 700 nm (Fig. 4).
3.4. Floral nectar
The flowers of D. fragrans produce on average 0.041±
0.037 mg of sugar in 24 h, which is composed of 47.4% glucose,
49.8% fructose, and 2.8% sucrose. The flowers of D. sankeyi
produce on average 0.075 mgof sugar in 24 h,which is composed
of 49.9% glucose and 51.1% fructose, but no sucrose.
3.5. Plant and flower morphology
Plant and floral morphometrics of D. fragrans are clearly
distinct from those of D. sankeyi (Fig. 3). Inflorescences of D.
fragrans are taller and produce both more flowers and largerTable 2
Morphological characters of flowering plants of Disa fragrans, D. sankeyi and
Witsies = Witsieshoek site. Bushmans = Bushman's Nek site. Values for quan
Character D. fragrans D. fragrans
Naudes Witsies
(n=20) (n=6)
Inflorescence height (cm) 17.8±2.7 16.5±3.2
Total number of flowers 140.0±39.4 86.5±7.9
Open flowers (%) 92.4±11.5 –
Flower angle (°) – 25.4±6.6
Dorsal sepal length (mm) 6.0±0.5 5.3±0.4
Dorsal sepal width (mm) 3.6±0.3 2.8±0.5
Lateral sepal length (m) 2.5±0.5 4.7±0.4
Lateral sepal width (mm) 2.5±0.3 5.0±7.4
Lip length (mm) 4.9±0.8 4.8±0.4
Lip width (mm) 1.0±0.2 1.0±0.2
Petal length (mm) – 4.3±0.7
Petal width (mm) – 1.6±0.2
Anther length (mm) – 2.4±0.4
Spur length (mm) 6.4±0.8 6.4±0.8
Spur diameter (mm) 0.7±0.1 1.1±0.1
Spots on corolla some nonedisplays (Table 2). On average 92.4±11.5% of the flowers of
an inflorescence are open simultaneously in D. fragrans, and
81.2±13.8% in D. sankeyi. The flowers of D. fragrans have
longer spurs, are more upright and have a purple dorsal sepal
and white later sepals, in contrast to the sepals of D. sankeyi
which have dark purple spots on a dirty yellow background
(Table 2; Fig. 2). The putative hybrid between these two
species was closer to D. fragrans in the plot based on NMDS
analysis (Fig. 3b). However, this analysis did not include the
important colour characters, which are visible in Fig. 2, but
which were unfortunately not quantified for the hybrid using
reflectance spectrometry.3.6. Pollination success, pollen transfer efficiency, and fruit set
Pollination success was high in both studied populations of
D. fragrans, with over 80% of the examined flowers having at
least one pollinarium removed and pollen deposited on the
stigma (Table 3). The number of massulae deposited on stigmasa putative hybrid between these two species. Naudes = Naude's Nek site,
titative characters are means±SD.
D. sankeyi Putative hybrid D. sankeyi
Witsies Witsies Bushmans
(n=5) (n=1) (n=21)
15.7±5.0 14.5 21.3±4.1
47.2±16.0 66 56.5±27.0
– – 81.2±13.8
54.6±4.9 30.6 –
6.7±0.5 5.5 8.1±0.8
3.4±0.8 3.6 3.3±0.8
7.1±0.3 5.5 7.3±1.1
2.8±0.2 2.9 3.0±0.4
6.4±0.5 4.8 7.4±0.8
1.6±0.3 1.1 1.6±0.2
5.3±0.6 4.3 –
2.5±0.3 1.5 –
3.4±0.2 1.8 –
3.5±0.4 6.1 4.1±0.4
0.6±0.1 1.1 0.7±0.1
many few many
Fig. 2. Inflorescences of (a) Disa fragrans, (b) a putative D. fragrans× sankeyi hybrid and (c) Disa sankeyi (c). Scale bars 10 mm.
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Sources, with 28±28 versus 16±11 (mean±SD) massulae per
stigma. Pollinia from Naude's Nek contained 504±84 massulae
(mean±SD, n=7), while those from the Mt Aux Sources
contained 456±90 massulae (n=7). Therefore, 4.20% of the
removed pollen, and 2.78% of the pollen produced by each
flower reached conspecific stigmas in the Naude's Nek
population. At Mt Aux Sources, 2.53% of the removed pollen,
and 1.73% of the pollen produced by each flower reached
conspecific stigmas (Table 3). Levels of pollination success in
the specialist wasp-pollinated D. sankeyi were generally similar
to those of D. fragrans (Table 3).
The fruiting success of D. fragrans is generally high in most
populations (S.D. Johnson and N. Hobbhahn, pers. obs.). TheFig. 3. Two-dimensional representations based on non-metric multi-dimensional scal
Disa fragrans (two populations) and Disa sankeyi. The position of a putative hybrid
except for a single solvent-eluted sample indicated by the abbreviation “sol”.population at Naude's Nek exemplifies this: All 25 examined
inflorescences set fruit, with 76.8±14.7% of the flowers per
inflorescence setting fruit. Fruit set was generally lower and
fruits were smaller towards the tip of the inflorescence than at
the bottom of the inflorescence.
4. Discussion
The observations reported here suggest that D. fragrans is
pollinated by a wide variety of insects. This can be attributed to
its floral morphology, which enables pollinaria removal and
pollen deposition by a broad spectrum of insects that alight and
move around on the inflorescences, as well as the accessibility
of floral nectar in a relatively short spur, a spectral reflectanceing of (a) chemical composition and (b) morphometric measurement of plants of
is shown in panel b. Scent composition is based on thermally desorbed samples,
Table 3
Pollination success of Disa fragrans and D. sankeyi. Values for non-proportional, quantitative characters are means±SD.
Parameter Disa fragrans Disa sankeyi
Naude's Nek
(N=28)
Mt Aux Sources
(N=30)
Witsieshoek
(N=24)
Bushman's Nek
(N=21)
Sehlabathebe
(N=22)
Removal
Flowers with pollinarium removal (%) 82.1 83.3 91.6 71.4 90.9
Flowers with one pollinarium removed (%) 32.1 30.0 0 9.5 22.7
Flowers with two pollinaria removed (%) 50.0 53.3 91.6 61.9 68.1
Flowers without pollinaria removal (%) 17.8 16.6 8.3 28.5 9.1
Number of pollinaria removed per flower (mr) 1.32±0.77 1.37±0.76 1.83±0.56 1.33±0.91 1.59±0.67
Deposition
Flowers with pollen deposition (%) 82.1 93.3 91.6 100 90.9
Flowers without pollen deposition (%) 17.8 6.7 8.3 0 9.1
Number of massulae deposited on the stigma (ms) 28.0±28.1 15.8±11.2 21.3±17.2 58.5±36.6 30.8±16.9
Massulae per pollinium (m) 504±84 456±90 844±390 1331±74 627±93
N 7 7 7 10 10
Pollen transfer efficiency (%) 4.20 2.53 1.38 3.30 3.09
Pollen produced that reaches conspecific stigmas (%) 2.78 1.73 1.27 2.2 2.46
Fig. 4. Spectral reflectance of the lateral sepals of Disa fragrans and Disa
sankeyi.
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floral scent that contains compounds known to be general
attractants to a wide range of insects.
It seems unlikely that floral morphology is the main
determinant of the generalized pollination system in D.
fragrans. Flowers of D. sankeyi are structurally similar with
nectar that is even more accessible than that in flowers of D.
fragrans, yet they are visited almost exclusively by spider-
hunting wasps (Johnson, 2005). One factor that could explain
these differences in visitor spectrum is spectral reflectance
which in D. fragrans flowers is characterized by sharp contrast
between absorbance of ultraviolet light and reflectance of
wavelengths above 300 nm. This high level of spectral purity
(chroma) is typical of many insect-pollinated plants and
provides a strong contrast with background vegetation in most
insect visual systems (Kevan et al., 1996). Flowers of D.
sankeyi differ in having a dull appearance due to the lack of
distinct change in reflectance in any part of the spectrum
(Fig. 4). This reflectance pattern is typical of many wasp-
pollinated plants and renders them similar to background
vegetation (Shuttleworth and Johnson, 2009, in press) with the
consequence that scent then plays a particularly important role
in attraction of pollinators (Shuttleworth and Johnson, 2009).
It is likely that the specific scent bouquet of D. sankeyi is
particularly attractive to wasps, but not to other insects. We
found fewer scent compounds in D. sankeyi than in D. fragrans
for the thermally desorbed samples (Table 1), but these values
based on just 30 min of headspace collection are likely to be
underestimates of the actual number of scent compounds
emitted by each species; five h of headspace collection from D.
sankeyi inflorescences in an earlier study yielded almost double
the number of compounds reported here, but these additional
compounds were mostly present in trace amounts (Johnson,
2005). The scent of D. fragrans is dominated by compounds
such as benzaldehyde, phenylacetaldehyde, phenylethyl alcohol
and methyl benzoate, which are emitted by flowers of many
plant species (Knudsen et al., 2006) and are likely to be general
insect attractants. This, together with the high rate of emissionof scent by inflorescences of D. fragrans (up to 100 times
greater than from inflorescences of D. sankeyi) may help to
explain its broad spectrum of flower visitors.
Despite differences in scent composition between the two
species, D. sankeyi is occasionally visited by the same cetoniine
beetle species that we found on D. fragrans (Johnson, 2005)
(Fig. 1c). Although the scent bouquets of the two species form
distinct clusters in scent phenotype space (Fig. 3), they also
have at least 29 compounds in common. This could be the
reason for the occasional overlap in their pollinator spectrum
and could explain the putative hybrid at a site where both
species are sympatric (Fig. 2). Future studies will need to use
controlled crosses and stained pollen to clarify to what extent
the two species hybridize and to assess the magnitude and
direction of interspecific pollen dispersal.
A generalist pollination system is highly unusual for orchids,
which are known for their high degree of specialization to
pollination by particular insect species (Tremblay, 1992). D.
fragrans is nested within a clade of 47 species, many of which
747S.D. Johnson, N. Hobbhahn / South African Journal of Botany 76 (2010) 739–748have been shown to have specialized pollination systems
(Johnson, 2005; Johnson and Brown, 2004). This suggests that
there was a transition from specialized to generalized
pollination in Disa. The selective basis for this cannot be
ascertained with certainty, but it may be relevant that D.
fragrans occurs at high altitudes and often in disturbed habitats
where availability of certain pollinators can be limited (Cruden,
1972).
Overall levels of pollination success and pollen transfer
efficiency in D. fragrans were comparable to those of its
specialized congener D. sankeyi (Table 3). This was unexpected
given the broad pollinator assemblage and the visible and
frequent loss of pollinaria onto non-reproductive flowers parts
(Fig. 1b). Relative to orchids in general, however, the pollen
transfer efficiency of both D. fragrans and D. sankeyi is quite
low. While rewarding orchids with massulate pollinia usually
achieve a PTE of about 9% (range 4.6–17.6%; Harder and
Johnson, 2008), D. fragrans and D. sankeyi achieve only 1.4–
4.2%. This finding supports the hypothesis that generalist
pollination in orchids comes with high reproductive costs. It
also suggests that specialist pollination in Disa sankeyi is not as
efficient as that of other specialist orchids, possibly because of
the rather haphazard transfer of pollen via the wasps' legs
(Johnson, 2005). Estimates of overall pollen transfer efficiency
can conceal high levels of geitonogamy, in particular in species
with large displays like D. fragrans. Orchids are renowned for
pollination-induced wilting (Luyt and Johnson, 2001); howev-
er, D. fragrans and several other members of the Micranthae
clade appear to be an exception to this rule (N. Hobbhahn,
unpubl. data). The stigmas ofD. fragrans remain receptive even
after deposition of considerable amounts of pollen. Flowers in
lowermost inflorescence positions remain open and receptive
until all flowers of the plant have opened, so that individual
flowers may be receptive for up to two weeks. Having many
receptive flowers open maximizes the chances of pollination
and enables accumulation of pollen on the stigma over time
despite low pollination efficiency of individual pollinators.
However, it also increases the likelihood that self-pollen is
transferred between the flowers of an inflorescence (Harder and
Barrett, 1995; Jersáková and Johnson, 2007). To date we have
no information on how fruit set and seed production in D.
fragrans is influenced by the number of massulae deposited on
stigmas. The species is self-compatible, but fruits arising solely
from self-pollination contain 50% fewer viable seeds than those
arising solely from cross-pollination (J. Jersáková, unpubl.
data).
This study adds yet another pollination system to the many
already recorded in Disa. In section Micranthae alone, the
rewarding clade of 47 species to which D. fragrans belongs
(Bytebier et al., 2007), there have been reports of pollination by
birds, bees, hawk moths, long-tongued flies, and bees, as well as
autonomous self-pollination (Johnson, 1994b, 1995, 2005,
2006; Johnson and Brown, 2004; Pettersson, 1986). Scent
production among these species ranges from undetectable levels
in some species pollinated by bird and long-proboscid flies (S.
D. Johnson, unpubl. data) to the outstandingly high emission
levels recorded in D. fragrans in the present study. Under-standing the role played by scent chemistry during pollinator
shifts (Shuttleworth and Johnson, 2010) is one of the major
challenges for future work on evolutionary diversification in
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